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Defects inside single crystals are an important concern because they directly affect the physical or
chemical properties of the material, especially in sapphire used as substrates for semiconductors. We
have investigated the thermally activated transformations of nanometer-scale cracks and phase
transitions inside sapphire by femtosecond laser irradiation and successive heat treatments. The
nanocracks transformed into periodic arrays of pores and dislocations that aligned along the 11¯02
planes after heat treatments above 1300 °C. The amorphous phase at the focal point recovered into
the initial single crystalline phase after the heat treatments. Our study provides useful information
on the recovery behavior of nanometer-scale defects in a single crystal. © 2011 American Institute
of Physics. doi:10.1063/1.3527899
I. INTRODUCTION
Defects in sapphire single crystal such as dislocations,
pores, and cracks, have been extensively studied because
they often affect the mechanical and electrical properties of
the crystal. Sapphire -Al2O3 is one of the most important
ceramic materials, and recently it has been widely used as
substrates for GaN-based semiconductors used for light emit-
ting diodes and laser diodes. However, defects in the sap-
phire substrate often decrease the luminescence efficiency of
the device. Therefore, it is necessary to control the defects in
the sapphire substrate to increase the luminescence effi-
ciency. Many studies over the past several decades have been
reported on the defects of sapphire, which involve fracture
properties, crack propagation and termination, and twinning
and slip mechanisms.1–3
In particular, the process of crack reduction through heat
treatment is called “crack healing.”4 The morphological
change in a cylindrical crack in the heat treatment process
depends on its aspect ratio, defined as L /D, through the Ray-
leigh instability,5 where L is the length and D is the diameter
of the initial crack. The crack splits into a string of spherical
pores when LD, or converts directly to a spherical pore
when LD during the heat treatment.6
Many effective methods have been used to investigate
the crack healing process in sapphire. The most common
methods for introducing initial cracks into sapphire include
indentation, impact, and abrasion; however, the formation
area has been restricted to the surface of the specimens.7–9
Rödel et al. produced cracks on the surface of sapphire by
ion beam etching and embedded them inside sapphire by
thermal bonding to form internal cracks.10,11 However, this
method involves a complicated procedure for sample prepa-
ration. In addition, the crack widths produced by this method
are on the order of a micrometer. There are few reports that
demonstrate the morphological changes in cracks formed in-
side sapphire after heat treatment for cracks at the nanometer
scale. That is, selective formation of nanometer-scale cracks
inside sapphire and observation of their healing process are
very difficult using the conventional mechanical methods.
Recently, the use of femtosecond lasers has attracted
considerable attention because they can provide a large
amount of energy in a microscopic area inside various trans-
parent materials without surface damage or ablation.12–14 The
structural changes with a nanometer size often occur after the
laser irradiation, which is below the diffraction limit of inci-
dent laser beams.15–17 We previously reported that cracks
having a width of approximately 30 nm formed inside sap-
phire via femtosecond laser irradiation,18 and their propaga-
tion direction and lengths depended on the crystal orientation
and laser irradiation conditions, respectively.
Here, we report the thermally activated morphological
change in nanometer-scale cracks into periodic defect struc-
tures inside sapphire. We introduced nanometer scale cracks
inside sapphire using the femtosecond laser, and observed in
detail the transformation of the defect structures after heat
treatments above 1200 °C using optical and polarizing mi-
croscopes and a transmission electron microscope TEM.
We also discuss the formation mechanism of the periodic
defect structure in terms of relaxation of residual strain by
evaluating the Raman shift around the focal point after the
laser irradiation.
II. EXPERIMENTAL
We used 112¯0 sapphire with dimensions of 1010
1 mm3 as a sample. A femtosecond laser operating at a
wavelength of 780 nm with a pulse frequency of 1 kHz andaElectronic mail: kane@collon1.kuic.kyoto-u.ac.jp.
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a pulse duration of 238 fs, was used as the optical source
IFRIT, Cyber Laser. The pulse energy and number of
pulses at the sample location were controlled by a neutral
density filter and fast electronic shutter, respectively. A laser
beam with a diameter of 5 mm in Gaussian mode was fo-
cused at a depth of 50 m from the sample surface using a
microscope objective lens Nikon, 100 with a numerical
aperture NA of 0.9. The incident laser beam was normal to
the 112¯0 plane of the sample. The heat treatment was car-
ried out in the range from 1200 to 1500 °C in air to inves-
tigate the thermally activated change in the crack morphol-
ogy. The holding time at each heat treatment temperature
was between 1 and 20 h. The structural changes around the
focal point after the combination of the laser irradiation and
successive heat treatment were observed using an optical,
polarizing microscope Axio Imager, Carl Zeiss and a TEM
JEOL 2010HC, 200 kV. The TEM sample was prepared by
following a standard procedure using ion thinning. We also
performed Raman spectroscopy at room temperature with a
confocal Raman spectroscope Nanofinder®30, Tokyo Instru-
ments. We evaluated the peak shift and the full widths at
half maximum FWHM of the spectra obtained from the
photomodified area to analyze the residual strain and the
crystallinity around the focal point. A frequency-doubled
neodymium-doped yttrium aluminium garnet, Nd:Y3Al5O12
laser operating at 532 nm was used for the Raman spectros-
copy. The spatial and spectral resolutions of the Raman mi-
croscope 100 objective, NA=0.9 were approximately
275 nm and 0.98 nm, respectively.
III. RESULTS AND DISCUSSION
Figure 1a shows a bright-field TEM image of the pho-
tomodified area in the sapphire sample after laser irradiation
with a pulse energy of 3 J. The electron diffraction pattern
of the damaged area is also shown in the same figure. A
11¯02 rhombohedral twin with a width of about 50 nm was
induced near the focus. The rhombohedral twinning defor-
mation, the primary mode of plastic deformation at room
temperature,19 originated from a stress field produced by the
laser irradiation. Cracks with a 10 nm width propagated
along the 11¯02 planes, which was parallel to the direction
of the twin. Therefore, the cracks were probably due to the
intersection of multiple twins.2 In addition, because fracture
surface energy of the 11¯02 planes is the lowest among
crystallographic planes in sapphire,20 cracks would preferen-
tially form along these planes. The center of the focal point
was extremely deformed after the laser irradiation. Figure
1b shows the magnified bright-field TEM image and the
selected-area diffraction SAD pattern at the center of the
focal point. An amorphous phase was found at the damaged
area in the TEM image, and the SAD pattern showed halo
rings indicating the formation of a polycrystalline structure.
Therefore, the extensively deformed area had a diameter of
approximately 500 nm and comprised a mixture of an amor-
phous phase and a polycrystalline structure.18,21 In addition,
dislocation structures were also observed in the vicinity of
the mixed structure.
Figures 1c and 1d show the bright-field TEM image
and the SAD pattern of the photomodified area after the heat
treatment at 1500 °C for 10 h, respectively. These images
revealed that the amorphous phase recovered into an initial
crystalline phase via the heat treatment, due to the stability of
the Al2O3 crystalline phase at temperatures above
1300 °C.22 Additionally, spherical pores were periodically
lined up along the crack path, and dislocations were also
formed along the crack path. It is suggested that the cracks
evolved into arrays of discrete pores and dislocations in or-
der to reduce their surface energy via the heat treatment. The
mixture of the pores and dislocations is due to the incom-
plete recovery of the crack.
Figure 2 shows optical microscope images of the aligned
pore structures at different depths of a 0, b 10, and c
20 m from the focal point after the heat treatment. A side-
FIG. 1. Color Brightfield TEM image of sapphire at the focal point a
after laser irradiation, b its magnified image, and c after heat treatment
subsequent to the laser irradiation. d SAD obtained at the center of the
photomodified area after the heat treatment.
FIG. 2. Color online Optical microscope image of the periodic pore struc-
ture at different depths of a 0, b 10, and c 20 m from the focal point
after the heat treatment. d Side-view optical microscope photo of the pho-
tomodified area. e Schematic illustration of the aligned pore structures at
different depths. The inserted illustration indicates the relationship between
011¯2 and 112¯0 planes.
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view optical microscope image after the laser irradiation is
also shown in Fig. 2d. A black dot structure composed of
pores or an aggregation of dislocations was observed along
the crack path at all depths behind the focal point, although
they were independent of each other. This means that the
initial crack did not have a planar shape but a discontinuous
cylindrical shape, and each crack transformed into discrete
pores on a specific plane via heat treatment. Figure 2e
shows a schematic illustration of the aligned pore structure
and the geometric relation between the 011¯2 and 112¯0
planes of sapphire. The arrays of the periodic pores at differ-
ent depths were aligned along the 011¯2 plane, however,
their position varied slightly from  to  as shown in Fig.
2e, because the 011¯2 plane formed an angle of approxi-
mately 57.6° with the 112¯0 plane.
Figure 3a shows the relationship between the normal-
ized spacing between pores d=	 /D and the heat treatment
time at 1500 °C, where 	 is the distance between neighbor-
ing pores for these arrays and D is the pore diameter. We
evaluated the d value from the average of 15 pore arrays at
each holding time. The d increased from 1.8 to 2.8 with the
increase in the heat treatment time, implying that the crack
split into the discrete pores, and each pore shrunk during the
heat treatment.
A schematic illustration of the formation process of the
periodic pore structure is shown in Fig. 3b. In general,
when the length of the crack, L, was slightly larger than the
width D, the crack would evolve into a sphere after the heat
treatment via surface diffusion. However, when L was much
larger than D, the cylindrical crack in Fig. 3b, i, would
change into continuous unduloidlike structures as shown in
Fig. 3b, ii.23 In the last stage, the initial cracks changed
completely into arrays of isolated pores at different depths as
shown in Fig. 3b, iii, and the size of each pore decreased,
reducing the surface energy after further heat treatment.4,24
However, we also observed the periodic dislocation struc-
tures as shown in Fig. 3b, iv. The formation of these
structures is assumed to be as follows: when the cracks
propagated inside sapphire by the laser irradiation, the lat-
tices around the cracks were distorted. The lattice misorien-
tation between the two sides of the crack produces misfit
strain,25 and finally, dislocations are introduced at the inter-
face of the cracks to relieve the misfit strain when the cracks
close.
Figure 4 shows crossed Nicols brightfield images of sap-
phire a after laser irradiation and b after successive heat
treatment at 1300 °C for 5 h. The bright area in Fig. 4a
indicates the existence of birefringence due to a residual
strain around the focal point after the laser irradiation. The
asymmetric distribution of the residual strain is ascribed to
the difference in fracture surface energies of sapphire. When
the femtosecond laser beams were focused inside the sap-
phire, shock waves were generated and they propagated ra-
dially from the focal point. The energy of the shock wave
was used to activate the crack formation preferentially on the
11¯02 or 11¯00 planes, which have relatively lower frac-
ture surface energies of all the planes.20 Therefore, the shock
wave left a residual strain near a specific crystal plane, re-
sulting in an asymmetric distribution of the birefringence. In
the case of Fig. 4b, the bright area almost disappeared after
the heat treatment, which manifested in relaxation of the re-
sidual strain around the focal point.
To investigate the relationship between the formation of
periodic structures of defects and the relaxation of residual
strain at the photomodified area, we examined Raman spec-
tra at the focal point. Figure 4c shows Raman spectra at the
FIG. 3. Color online a Change in normalized pore spacing d=	 /D as a
function of the heat treatment time. b Schematic illustration of the change
in the crack shape at different heat treatment times.
FIG. 4. Color a Crossed Nicols brightfield image of the photomodified
area after laser irradiation, and b after the heat treatment subsequent to
laser irradiation. c Raman spectra obtained from the photomodified area of
sapphire i after laser irradiation, ii after the subsequent heat treatment,
and iii as-received sapphire. The vertical dashed line at 417 cm−1 repre-
sents a wave number of A1g vibration in as-received sapphire.
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photomodified area of sapphire after the laser irradiation Fig.
4c, i, and successive heat treatment Fig. 4c, ii. The
spectrum of as-received sapphire is also shown Fig. 4c,
iii, as a reference. Raman peaks of the sapphire were de-
tected at 378, 417, and 645 cm−1 in all the cases. We chose
the wave number of 417 cm−1 as a criterion originating from
Raman-allowed A1g vibration of sapphire because it showed
the strongest intensity among the Raman active phonon
modes in the 112¯0 plane of sapphire.26 Table I lists the
wave numbers at the center peak and the corresponding
FWHM of Raman spectra in Fig. 4c, and the error is ap-
proximately 0.98 nm. The FWHM were calculated with re-
spect to a baseline obtained by drawing a tangent line to the
spectrum between 300 and 800 cm−1. The wave number at
the center peak showed a redshift from 417 to 415 cm−1
after the laser irradiation due to tensile stress; however, it
showed a blueshift from 415 to 416 cm−1 after the heat treat-
ment. It was confirmed that the residual strain at the photo-
modified area was predominantly relaxed by the heat treat-
ment, which was in accordance with the results of our
polarizing microscope observation. In addition, the FWHM
increased from 3.60 to 11.2 cm−1 after laser irradiation, in-
dicating the decrease in crystallinity at the photomodified
area presumably due to the amorphization or the crack for-
mation by the laser irradiation.27 On the other hand, the
FWHM decreased from 11.2 to 5.50 cm−1 after the heat
treatment, indicating that the crystallinity of the area almost
recovered due to the recrystallization.28 The incomplete re-
covery of the crystallinity after the heat treatment was attrib-
utable to the residual dislocation structures around the focal
point, as shown in Fig. 1b.
Figure 5a shows optical microscope images after heat
treatment at 1500 °C with different holding times. A dark
circle i was observed at the center of the photomodified
area after 1 h due to the existence of the amorphous phase
and dislocations. In addition, the initial cracks partly closed
and changed into the pore arrays ii. However, the dark
circle became less distinct as the heat treatment time in-
creased and finally disappeared after 20 h due to the recrys-
tallization. Additionally, most of the crack healed and the
array of discrete pores could be clearly observed after 20 h.
Figure 5b shows the result of periodic pore formation under
different heat treatment conditions. We noticed that the for-
mation of the pore array strongly depended on the holding
temperature; the formation of the periodic structures required
heat treatment above 1300 °C. Generally, the mobility of
atoms in sapphire is enhanced at 1300 °C, which corre-
sponds to a brittle-to-ductile transition temperature.8,29 The
atomic diffusion process is accelerated at temperatures over
1300 °C because the formation of the periodic pore struc-
tures depend on the atomic diffusion accompanied with the
decrease in the surface energy. Therefore, we estimated that
the critical temperature for the formation of the periodic
structure was 1300 °C.
IV. CONCLUSION
In summary, we presented the morphological changes in
the internal cracks in sapphire and the formation of disloca-
tion structures under a heat treatment process after femtosec-
ond laser irradiation. The amorphous phase and cracks that
had formed inside sapphire via laser irradiation transformed
respectively into a crystalline phase and an array of discrete
pores after successive heat treatments above 1300 °C. In ad-
dition, periodic dislocation structures were also formed along
a specific crystal orientation. The transformation from the
cracks to the pore arrays was driven by the atomic diffusion
during the heat treatment, which decreased the surface en-
ergy of the cracks. A Raman survey revealed that most of the
lattice strain at the focus was relieved via the heat treatment,
although residual strain was produced around the dislocation
structures. The analysis of directionally aligned dislocation
structures is necessary to clarify the characteristics of defects
in sapphire.
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